Pinch methodology was applied to the heat exchangers network (HEN) synthesis of nitric acid production. The integration is analyzed in two ways, and the results are presented as two different solutions: i) the first solution is based on the original heat transfer equipment arrangement and ii) in order to eliminate the shortages of the first solution the second HEN was obtained using process simulation with optimized process parameters. Optimized HEN, with new arrangement of heat exchangers, gave good results in energy and process optimization.
Synthesis of heat exchanger networks allows significant reduction in energy requirements [1] [2] [3] [4] [5] [6] , and it is one of the main research areas in energy optimization in the past decades. Consequently the high number of methods for process and energy optimization and integration were developed. One of the most efficient methods for energy optimization is Pinch methodology, based on heat exchangers network (HEN) optimization, and leading to industrial processes optimization and efficient energy utilization of industrial systems.
Pinch methodology is very suitable for a detailed energy analysis of the process, but also for comparison of different alternative networks solutions [7] [8] [9] [10] [11] [12] [13] [14] [15] .
The aim of this work is to analyze the nitric acid production and to present the optimal solution for the energy integration of the investigated process. Nitric acid is very important product of the chemical industry.
It is a process with high energy consumption, and with units based on high energy demands, such as the heat exchangers, heaters and refrigerators. Heat exchangers network along with available utilities represent the part of the industrial systems where process costs can be significantly reduced by optimizing process parameters. In this paper comparison of the two HENs was performed: one, based on parameters proposed in the literature [1] and other, the optimized solution based on adjusted process data.
Heat integration methods
In late 70s B. Linnhoff and T. Umeda [15] and their coworkers found a "bottleneck of heat exchange" or Pinch point, when they were analyzing the heat transfer in the process. Since then, the Pinch methodology was introduced in process analysis. This method represents an extremely useful tool for analysis and process and energy synthesis. Pinch methodology is a sequential graphical HENs method based on the first law of thermodynamics and some constrains originated from the second law of thermodynamics [3] .
In industrial processes, the heat is transferred between process of hot and cold streams or between process of streams and utilities (fluids used for additional heating or cooling, such as steam, cooling water, etc.). In order to save energy, there is a tendency to design an industrial process where maximum heat amount is being transferred between process streams, so the needs for external heating and cooling are minimized. This is accomplished by optimizing the existing HEN, which is the main goal of Pinch methodology. In addition to energy savings, better thermal process integration reduces a number of process units (heat exchangers or others) and leads to additional financial savings.
Pinch method also could be presented with hot and cold streams composite curves or grand composite curves [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , constructed on the process streams and their thermo-physical parameters. At the Pinch point composite curves are closest to each other and temperature between them is minimum temperature difference (ΔT min ). Pinch point divides process into two parts. The area above the Pinch can be considered as heat sink, which means it only receives the heat from external heat source (Q h,min ), while area below the Pinch presents process heat source and requires external heat sink (Q c,min ) [16] .
Data required for the energy networks analysis are: source and target temperatures of process streams, heat transfer flow rate or enthalpy changes of process streams. Inlet (source) temperatures are those temperatures at which a fluid is available in the process.
Heating and cooling demands of each stream is determined based on the heat capacity flow rate CP (kW/°C), defined as:
and for the hot and cold streams' matches in the area above the Pinch heat capacity flow rate of process streams shall follow the rule:
while in the area below the Pinch the opposite rule applies:
Also, in the cases where there are no matches between streams that follow the CP rules, the appropriate rule could be fulfilled by splitting hot stream in two or more branches above Pinch, or cold stream below Pinch point.
In this paper, HINT software [17] was used for the HEN design of nitric acid production in Petrochemical Industry-Kutina, located in Croatia [1, 2] with simplified process flow diagram presented in Figure 1 [1] . This process includes 17 heat exchangers, 2 turbines (steam or gas driven), 2 compressors, 3 filters, 2 separators and 3 reactors. Boilers are used for the high pressure steam production. For the additional heating and cooling requirement, for 16 process streams, the medium pressure steam (12.2 bar), low pressure steam (4.4 bar), cooling water and boiler feed water are available.
The liquid ammonia flows into the evaporator where it evaporates by the indirect steam heating (in heat exchangers E103, E112 and E113), as shown in Figure 1 . For the drops or impurities removal the ammonia vapour passes through a filter (F102), and finally vapour stream is at 8.1 bar. On the other hand, air is compressed (C101) to the same pressure, heated to a temperature of 200-300 °C, and purified in the filter (F101) before mixing with ammonia. Gaseous mixture containing about 10% of ammonia is prepared before the reaction that takes place in the reactor (R101).
The product of the catalytic oxidation of ammonia is hot gaseous mixture containing NO, steam and nonreacted components of air, nitrogen and oxygen. Yield achieved at 8.1 bar is 95%, while at atmospheric pressure it reaches 97-98%. The resulting gaseous mix- ture is cooled in heat exchangers (E107, E110 and E111) and the released energy is used for steam production. Obtained steam is used for ammonia and air preheating. Cooling the mixture to a moderate temperature allows regeneration of the catalyst.
After catalyst regeneration gas blend is rapidly cooled further in the condenser (E109) to the temperature of 50 °C. Absorption of nitrogen oxides in the water leads to the formation of diluted nitric acid whose concentration is 2-30% and it is introduced to the top of the absorption tower (R102). The cooled gaseous mixture, containing NO, NO 2 , N 2 O 4 and a non--reacted part of N 2 and O 2 from air, is inlet in the lower part of the absorber. In the absorber the remaining NO is oxidized to NO 2 and N 2 O 4 with the simultaneous absorption of NO 2 in water, and this stream is also inlet into the absorber. An additional quantity of air is necessary in order to complete the oxidation of NO. If the absorption is performed at atmospheric pressure, concentration of produced nitric acid is about 45-50%, while at raised pressures the acid concentration could be up to 70% [18] [19] [20] . Table 1 presents all data [2] of the above described process used for the further energy integration.
RESULTS AND DISCUSSION
The first step in our analysis was synthesis of the HEN based on the original data proposed by Matijašević and Otmačić [1] .
Originally proposed ΔT min = 38 °C was used for energy cascade and for the matches between all considered process streams, and based on that minimum heating and cooling demands are determined:
-minimum heating demand: Q h,min = 0.48 kW. Since obtained value is very small, it could be considered as a consequence of slightly incorrect flow measurements and it was neglected in further analysis, -minimum cooling demand: Q c,min = 25114.7 kW and -Pinch temperature is 277 °C (T P, h = 296 °C and T P,c -= 258 °C).
Diagrams of grand composite curve for this process are shown in Figure 2 . Next step in heat integration is HEN synthesis, and according to the original scheme -process contains 17 units used for heat transfer (9 heat exchangers and 8 coolers). As mentioned above, process does not require Figure 3 . Since all data were extracting from process flowmeters, due to some inconsistency, and in order to obtain more realistic network, some corrections were made [1] :
-Heat capacity flow rate (mass flow rate) of stream 11, CP, is adjusted from 18.2 to 18.14 kW/°C. As a consequence, enthalpy of this stream is reduced from 2584.4 to 2575.88 kW. Accordingly, the minimum heating demands (0.48 kW) were neglected.
-Heat capacity flow rate of stream 10 is corrected from 4.8 to4.865 kW/°C, and in this way enthalpies of streams 10 and 14 are equalled and these streams are efficiently linked through exchanger number 6 with capacity of 360 kW. An important note is that exchanger 7, which connects streams 6 and 15, has temperature difference between hot and cold stream smaller than ΔT min = 38 °C. Minimum temperature difference for exchanger 7 is 32 °C [2] .
The summary of the obtained results is presented in Table 2 .
Based on the analysis of the given HEN it can be concluded that exchanger 5 (connecting streams 3 and 9) transfers heat through Pinch point.
In order to have comprehensive insight in heat transfer optimization, capital costs and heating and cooling demands were also simultaneously analyzed. The total costs of HEN can be calculated based on capital and energy costs.
Energy costs could be calculated as:
Total energy costs = ΣQ u C u (4) In the considered case, the hot utility requirement is 5359.48 kW and this roughly corresponds to the amount of heat that is transmitted through "pinch". Cooling water demand (cold utility) is 25115.7 kW.
Utility costs are [21] : -steam costs: 296.64 $/(kW year); -cooling water costs: 221.76 $/(kW year). Using all the above mentioned parameters total energy costs could be calculated as:
- Value of capital costs depends on economic factors such as interest on loan, payback time, investment factors, etc. Total capital costs are calculated using equations:
It should be noted that if ΔT min increases heat that is transferred within the system decreases and therefore lower heat transfer area is required, and leads to the Figure 3 . HEN based on original data of nitric acid production process [2] .
decreasing of the capital costs (if c < 1). On the other hand, if ΔT min increases the requirement for the additional heat transfer utilities increases (energy costs increase and there is higher external energy demand). When these two types of costs with the opposite trends are summed the total costs could be obtained. Illustrative curve of total cost is presented in Figure 4 . Capital costs were calculated using Eq. (6), with the values of constants a = 10000, b = 88 and c = 1 [22] for the heat transfer area from 10 to 1000 m 2 . Finally, total costs of the HEN are calculated by summing total capital costs and total energy costs. Total costs are 252,500 + 7,159,493.78 = 7,411,993.78 $/year.
Further analysis of the process is performed due to the problem in ΔT min noticed in the first solution, and consequently the second solution will be proposed.
Since optimal value of ΔT min =38 °C also is adopted in this case, overall heating and cooling demands remained the same. Therefore, the same corrections of heat capacity flow rates of streams 10 and 11 were performed in this case as in the previous solution. Since our goal was to maintain ΔT min at the optimal values, some rearrangements of the stream connections were performed, as it is shown in Figure 5 . For the area above the Pinch, stream connections are similar to the one from the previous solution, except that stream 13 is not divided. For the area bellow the Pinch for the optimal HEN, the heat exchanger number 4 was considered, but with adjusted ΔT min to the optimal value of 38 °C.
In this way, comparing to the first solution given in the text above, the heat transfer through the Pinch is avoided.
The summary of the obtained results is presented in Table 3 .
According to the obtained results the total heating demands are 0 and total cooling demands are 27,688.3 KW.
Using data found for the second solution, the next results were obtained:
-heating demands are equal to 0; -cooling costs is: 27,688.3 kW×221.76 $/(kW year) = 6,140,157.41 $/year; -Total energy cost is equal to the cooling costs. Total annual capital costs are 251,220 $/year. Finally, summing total capital and total energy costs total annual costs are 251,220 + 6,140,157.41 = 6,391,377.41 $/year. 
CONCLUSION
Aim of this work was to show utilization of the Pinch methodology and heat exchangers network synthesis on the reduction of the process heating and cooling demands. The HEN is applied to the nitric acid production in the plant Petrochemical Industry-Kutina, located in Croatia.
Results of two different HENs are presented: the first one presents established HEN, but with some deviations from the Pinch rules [1] , while the second strictly follows all rules of Pinch methodology. In both cases the total number of equipment used for heat transfer is the same (totally 17) and in the both HENs additional process heating is not required.
In the first solution the minimum temperature difference between hot and cold streams in all process matches is not defined as optimal heat transfer through the Pinch point, so inorder to avoid those shortcomings a different arrangement of heat exchangers is made in the second solution.
According to the obtained results, designing the HEN with new heat exchanger arrangement leads to improved results, and annual saving of about 14 %. This proves that using the Pinch methodology and better process and energy integration could lead to the significant energy and financial savings for each industrial plant.
Nomenclature
CP -heat capacity flowrate Q ,h min -minimum heating demands Q c ,min -minimum cooling demands Q u -utility demands C u -costs of utilities C -capital costs N min -minimum number of units A min -minimum required heat transfer area A -heat transfer area a, b, c -heat exchangers cost parameters T -temperature HE -heat exchanger Subscripts t -target conditions s -source conditions c -cold stream h -hot stream.
